Although several works have proved the existence of oil and gas in the Campanian to Maastrichtian strata of the Anambra Basin, it is still considered a frontier basin due to the challenges associated with interpretation of stratigraphy and structure arising from non-availability of subsurface data. This has led to poor understanding of the petroleum system and hindered exploration activity within the basin. This research paper aims to discuss the signatures of essential petroleum system elements, based on the study of high-quality outcrop examples. Detailed field studies reveal the presence of source, reservoir and seal rocks, and traps exposed within the four lithostratigraphic units outcropping in the basin, across the southeastern part of Nigeria. The shales of Enugu Formation, offer good source rocks. The shales, coals, coaly shales and sandstones with repeated occurrence of shale-silt-sand heteroliths of the Mamu Formation provide possible source and reservoir rocks. Thick extensive sandstones with clay laminae of the Ajali Formation offer potential reservoir that are partly compartmentalized. The shales with interstratified sandstone of the Nsukka Formation provide potential cap and overburden rocks. The presence of anastomosing fracture bands, extensional joints and faults, small-scale growth faults, and rollover anticlinal structures are good evidence of structural and stratigraphic configuration that could allow for possible migration, accumulation and entrapment of hydrocarbon. These recognized signatures of the key elements of a petroleum system and oil seeps encountered in the basin are an indication of the presence of an active petroleum system.
Introduction
Several works have been carried out within the Anambra Basin, however, these works were focused on basinal extent, tectono-stratigraphic evolution, sedimentary fill, lithostratigraphy age, lithological characteristics, sequence stratigraphic framework and depositional environments (Burke et al. 1971; Benkhelil 1982; Nwajide and Reijers 1996; Nwajide 2006 Nwajide , 2013 Dim et al. 2017) . Only few of these works were targeted at hydrocarbon prospectivity (Ekweozor 1982; Ekweozor and Gormly 1983; Obaje et al. 1999 Obaje et al. , 2004 Nwajide 2005 Nwajide , 2013 Anyiam and Onuoha 2014; Anyiam et al. 2015; Dim et al. 2018a) . Hence, more of these research is needed to gain a complete understanding of Anambra Basin's hydrocarbon potential. The upper Cretaceous strata of the southeastern Nigerian basin appears to be a challenging target for stratigraphic and structural interpretation and petroleum exploration due to the paucity or non-availability of subsurface data in the inland basins of Nigeria, especially the Anambra Basin. As part of an ongoing review of the petroleum prospectivity of the Anambra Basin, this study utilizes surface data obtained from various outcrop locations in furthering our understanding of the key elements (encompasses source, reservoir, and seal or cap rocks) of the petroleum system and proffering better exploration guide within the Anambra Basin of Nigeria. These key elements of petroleum systems, which were evaluated by the interpretation of surface data forms the basis for assessing the hydrocarbon prospectivity of most sedimentary basins around the world. In addition, the formation of an active petroleum system involves processes such as trap formation and generation-migration-accumulation of hydrocarbons (Magoon and Dow 1994) . Outcrops of the Campanian to Maastrichtian rocks of the Anambra Basin studied includes the 9th Mile, Milliken-Onyeama Hills, Enugu-Onitsha
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Flyover, Four Corner Ozalla Junction, Ihube-Okigwe and Afikpo-ABSU-Uturu sections of southeastern Nigeria, covering ( Fig. 1 ).
Geologic framework
The Anambra Basin is situated at the southwestern extremity of the Benue Trough. It is bounded to the west by the Precambrian basement complex rocks of western Nigeria, to the east by the Abakaliki Anticlinorium, and to the south by the northern portion of the Niger Delta petroleum province (Fig. 1) . The tectonic evolution of the sedimentary basins of southeastern Nigeria started with the break-up and separation of the African and South American plates in the Late Jurassic, which was initiated by the Y-shaped, RRR triple-junction ridge system (Burke et al. 1971; Benkhelil 1982) . Basin fills were controlled by three mega-tectonic cycles, which resulted in the displacement of the depositional axis of the main basin giving rise to three successive basins, namely, the Abakaliki-Benue Trough, the Anambra Basin, and the Niger Delta Basin (Murat 1972; Benkhelil 1986 ). The Santonian compressional uplift of the Abakaliki-Benue Trough, with its resultant sediment folding, displaced the depocentre from the Abakaliki Basin, to the Anambra Basin and finally, in the Tertiary, to the Niger Delta (Nwajide and Reijers 1996) . 
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The Anambra Basin consists of four lithostratigraphic units (Fig. 2; Murat 1970; Ekweozor 1982; Hoque and Nwajide 1985; Petters 1991; Ojoh 1992; Obaje et al. 1999; Dim et al. 2017) . Sedimentation in the Anambra Basin began in the Campanian with a short marine transgression depositing the units of the Nkporo Group (Owelli Formation, Nkporo Formation, Enugu Formation), which consists of carbonaceous shales and sandstone members of deltaic origin (Nwajide and Reijers 1996; Odunze and Obi 2013) . This unit is overlain by the coal-bearing Mamu Formation deposited in the Late Campanian to Early Maastrichtian, at the beginning of a regressive phase. It consists of alternating sandstones, sandy shales and mudstones, with interbedded sub-bituminous coal seams (Akande et al. 2007) . Overlying the Mamu Formation is the Ajali Formation, which comprises predominantly interbeds of clay laminae and the Nsukka Formation of mid-to-late Maastrichtian age. The Nsukka Formation consists of dark shales and sandstones, with thin coal seams that mark the beginning of the transgression that led into the formation of the Niger Delta Basin in the early Paleogene (Nwajide and Reijers 1996) . The sediment packages were deposited during a regressive cycle (relative sea-level fall) within fluvio-tidal, deltaic, shelfal and marine settings .
Fig. 2
Stratigraphic chart and petroleum system elements of various lithostratigraphic units in the Anambra Basin (after Ekweozor 1982; Obaje et al. 1999; Dim et al. 2017) 
Methodology
Representative outcrops of the lithostratigraphic units in the Anambra Basin were visited and studied. Detailed outcrop studies, examination of geological structures, and sedimentological logging (systematic measuring and recording) of representative outcrop sections were carried out ( Fig. 3a-d ). Lithologies were identified and described based on rock type, colour, grain size and textural characteristics with associated biogenic, syn-sedimentary and depositional structures (Figs. 4, 5, 6, 7, 8, 9, 10) . Based on the identified facies, potentially key elements of the petroleum system(s) are outlined and discussed.
Results and discussion

Outcropping lithostratigraphic units
Enugu Formation
Three representative outcrops of the Enugu Formation (the oldest lithostratigraphic unit in the Anambra Basin) were studied and these include; (1) a road-cut exposure near flyover section along Enugu-Onitsha road Enugu, that consist of over 20 m thick sediment package (Fig. 3a) . The lower section of this outcrop is characterized by thick, deep greyto-black shale with siltstone and sandstone interstratification (Fig. 4a, b) . Concretional bands and nodules occur within the shale units (Fig. 4b) . The middle section is made up of rapid alternation of shale, siltstone and fine-grained sandstone (heterolithic interval), whereas the upper section is characterized by a fairly thick shale package with ironstone concretional bands (Fig. 4c, d ). Bioturbation is common in these siltstones and fine-grained sandstones. Structural features in this section include anastomosing sets of vertical joints, northeast-southwest trending faults (with a throw of about 2 m) in the heterolithic and shale intervals (Fig. 4a,  d ). The fault in this section exhibits attribute of a listric fault which has a curvilinear slip plane. There is also evidence of clay filling (clay smear) within the fault zone. Nwajide (2013) identified this structure as growth fault, which is a deformational sedimentary structure that develops in response to gravitational instability due to sediment loading, especially on plastic and ductile shales. Sediment package is thicker at the down-thrown section (hanging wall) and thinner at the up-thrown section (footwall); (2) Amagu section, a road-cut exposure along Enugu-Port Harcourt expressway, is characterized by thick shale intervals with basal and top heterolithic intervals (interlamination of fine-grained sand, siltstone and shale unit). There is also a normal fault structure exposed at this section with observable throw of 1.9 m (Fig. 4e) ; and (3) thick shale package (about 4 m) exposure at Four Corner Junction, Ozalla road-cut (about 3 km north of the University of Nigeria, Teaching Hospital) along Enugu-Port Harcourt expressway, southeastern Nigeria, containing sandstone/siltstone/shale heterolithic interbeds. The lower section of this outcrop shows a structural displacement due to a normal fault with a sharp diagonal truncation of the sediment package (Fig. 4e) . The sandstones, heterolith and carbonaceous shale of Enugu Formation represent sediment packages deposited in fluvio-deltaic, delta front and estuarine environments (Table 1; Obi and Okogbue 2004; Odunze and Obi 2013) .
Mamu Formation
The representative outcrops of this Mamu lithostratigraphic unit are found along road-cut exposures on a narrow NE-SW trending ridge, along Udi by-pass road and Enugu-Onitsha express road (Fig. 3b) . The ridges are discontinuous, probably due to denudation processes. Sedimentary units are nearly horizontal (maximum dips of 5°-7° to the southwest) which indicate that the area was largely unaffected by major tectonic deformation. Bed thicknesses range from 0.25 to 2.5 m. Lithologies include very fine and fine-to medium-grained sandstone, siltstone, claystone, shale, silty-shale, black carbonaceous/coaly shale, coal and heteroliths ( Fig. 5a-i) . The logged sections are characterized by repeated cycles of sandstone, heterolith, carbonaceous shale and coal units. The coal beds show columnar joint structures and exhibit dull-to-bright lustre (Fig. 5c, h ). These are found occurring within heterolithic and carbonaceous sand and shale intervals. Slightly deformed primary sedimentary structures, such as hummocky and swaley cross-stratification, and fractures are seen occurring on the fine-grained sandstone units of the upper parts of the Mamu Formation (Fig. 5d ). Other primary sedimentary structures observed include parallel and wave-ripple laminations, tabular and trough cross-beds, with horizontal and vertical burrows of varying bioturbation intensities. The coal, carbonaceous shale, sandstone, siltstone and heterolithic facies of Mamu Formation represent sediment packages deposited in swamps and lagoons, barrier islands, shoreface, offshore-transition zone, and offshore environments (Table 1; Adedosu et al. Relatively inclined ripple-laminated to parallel-laminated fine-grained sandstone unit associated with possible gliding surfaces exposed at Onyeama Hill section along Enugu-Onitsha road, SE Nigeria. c Coal bed within a heterolith (interlaminated sandstone, siltstone and shale) at Iva valley section, along Enugu-Onitsha road. d Heterolith showing ripple laminated sandstone, siltstone and dark-gray shale units exposed at ABSU-Afikpo road, SE Nigeria. e Swaley stratified/hummocky cross-stratified sandstone unit exposed on Onyeama Hill section 1.5 km from Proda Bridge (swales indicated by yellow stripes). f Weathered coaly shale unit belonging to Mamu Formation exposed at Iva valley, off Enugu-Onitsha road. g Heterolithic interval within Mamu Formation exposed at Iva valley, off Enugu-Onitsha road. h Coal seam (indicated by yellow line) occurring with carbonaceous laminated sandstone units in the Mamu Formation exposed at Onyeama Mine section, along Enugu Onitsha Express Road, SE Nigeria. i Modified wave ripplelaminated sandstone unit exposed along Opi-Nike road, SE Nigeria (note scale: hammer = 0.3 m and geologist = 1.8 m)
2014; Onyekuru and Iwuagwu 2010; Odumodu 2014; Dim et al. 2018b, in press ).
Ajali Formation
Outcrops of the Ajali lithostratigraphic unit are exposed at quarry sections in Alabama Hills, behind Abia State University (ABSU), Uturu-Okigwe-Afikpo Road, Ugwuabo-Isiukwuato area, Ihube-Onyekaba-Okigwe area and at Enugu-Onitsha road (near 9th Mile area) all in southeastern Nigeria (Fig. 6a-f ). Exposed sections are made up of poorly cemented, very thick sandstone units characterized by interstratified thin clay bands (Fig. 3c) . Sandstone grain size varies from fine, medium, coarse, to partly pebbly, and are characterized by large-scale planar and herringbone cross-bedding with reactivation surfaces (Fig. 6c) . Foresets of cross-beds laminae exhibit normal grading and are characterized by mud drapes. Evidence of Fig. 6 Outcrops of Ajali Formation. a Very thick sandstone characterized by interstratified thin clay bands (indicated by yellow stripes) exposed at a quarry section in Alabama Hills, behind ABSU, off Okigwe-Afikpo road, SE Nigeria. b Thick sandstone unit with interlaminated bands of clay (indicated by yellow stripes) at the upper section of Ajali Formation exposed at a quarry section off ABSUOkigwe-Afikpo Road, SE Nigeria. c Quarry section showing thick sandstone package of the Ajali Formation at Ugwuabo-Isiukwuato, with presence of large-scale planar and herringbone cross-bedding with reactivation surfaces and observable band of clay (indicated by yellow stripes). d Sandstone units of Ajali Formation exposed at Onyekaba. Note geologist pointing at thin highly burrowed clay bed (see Fig. 9h for a close-up). e Thick sandstone unit with basal section showing cross-stratified units of clay bands (indicated by yellow stripes) and sandstone interstratification exposed at Ihube quarry section along Enugu-Port Harcourt expressway, SE Nigeria. f Joint structures (indicated by yellow dotted lines) on a sandstone units of Ajali Formation exposed at Onyekaba quarry along Enugu-Port Harcourt expressway, SE Nigeria (note scale: hammer = 0.3 m and geologist = 1.8 m)
1 3 bioturbation is seen in sandstones, which distorts the primary sedimentary structures. Clay band intervals are fossilized and intensely burrowed, especially at the Onyekaba quarry section (Figs. 6d, 9h ). Other sedimentary structures are wave-rippled surfaces well preserved at the Onyekaba section, and occasional joints within consolidation sandstones (Fig. 6f) . The sandstone and laminar claystone facies of Ajali Formation represents sediment packages deposited in fluvio-tidal channel and tidal shelf environments (Table 1; Ladipo 1986 Ladipo , 1988 .
Nsukka Formation
Outcrops of Nsukka lithostratigraphic unit are exposed on road-cut and quarry section of Umuasua, off Isuikwuato-Arochukwu road, Okigwe, near a church along the Enugu-Port Harcourt expressway, and Ikpankwo quarry, off Enugu-Port Harcourt express expressway in southeastern Nigeria (Fig. 7a-f) . Lithologies include thick, fine-to medium-grained sandstone and dark shale unit (usually there are sharp contacts between shale and sandstone unit). The Nsukka Formation is also characterized at it upper section by thick shales with sandstone/siltstone interstratification. These are seen at the upper section of Umuasua and Okigwe road-cut sections (Fig. 7a-d) . A prominent normal fault system is also exposed at Ikpankwo quarry showing the downthrown and upthrown blocks component (Fig. 7e, f) . There are also primary sedimentary structures such as current-rippled surfaces and intensely bioturbated and burrowed sandstone units at Umuasua section. The occasional coal, sandstone, shale and heterolith of Nsukka Formation represents sediment packages deposited in Fig. 8 Outcrops of potential source and seal rocks in Anambra Basin. a Ironstone/siltstone bands and concretional nodules exposed in basal shale units of Mamu Formation exposed near a flyover at Enugu along Enugu-Onitsha road, SE Nigeria. b Dark-gray plastic shale of Nsukka Formation exposed at basal section of Ikpankwu quarry, off Enugu-Port Harcourt express expressway, SE Nigeria. c Coal bed of Mamu Formation exposed at the base of thick carbonaceous sandstone at Udi by-bass, SE Nigeria. d Close-up of anastomosing joint that could serve as pathway for fluid migration, occurring within the basal shale unit. e Coal bed within the Mamu Formation exposed at Proda Section, road-cut section along Enugu-Onitsha road (note scale: hammer = 0.3 m) Fig. 9 Outcrops of potential reservoir rocks in Anambra Basin. a A clean medium-grained sandstone of Ajali Formation exposed at a quarry section in Alabama Hills, behind ABSU, off Okigwe-Afikpo road, SE Nigeria. b Cross-bedded sandstone with normal grading at the foreset of lamina (indicated by yellow stripes) exposed within Ajali Formation at a quarry section in Alabama Hills, behind ABSU, off Okigwe-Afikpo road, SE Nigeria. c Cross-bedded sandstone of Ajali Formation showing mud drape on foreset lamina (mud could act as baffle affecting reservoir quality), exposed at a quarry section in Alabama Hills, behind ABSU, off Okigwe-Afikpo road, SE Nigeria. d Intensely bioturbated sandstone (with vertical burrows indicated by black line traces) unit of Ajali Formation exposed at a quarry section in Alabama Hills, behind ABSU, off Okigwe-Afikpo road, SE Nigeria. e Ripple laminated to parallel laminated sandstone unit of Mamu Formation exposed at Onyeama Hill section along Enugu-Onitsha road, SE Nigeria. f A close-up of Fig. 6e , a thick sandstone unit with basal section showing cross-stratified units of clay bands and sandstone interstratification exposed at Ihube quarry, Okigwe section along Enugu-Port Harcourt expressway, SE Nigeria. g A close-up of a boulder showing shape contact between the basal clay and sandstone units exposed at a quarry section off ABSU-Okigwe-Afikpo Road, SE Nigeria. h A close-up of Fig. 6f , showing the clay band with evidence of intensely burrowed surfaces and bioturbation possibly forming a barrier between the underling and overlying. i Oil seep (coverage indicated by yellow stripes) in Owelli Sandston at foot of Enugu Cuesta near Ugwueme village-thought to have been sourced from shales of Awgu Formation of Abakaliki Basin (underlying the Enugu Formation of Anambra Basin) lagoon/bay, shoreface and offshore environments ( 
Elements of petroleum system
Source rocks, traps, seals and reservoir rocks are the key elements of petroleum systems. In this paper, outcrop studies have been used to demonstrate the existence of potential essential elements that are in place and may favour hydrocarbon prospectivity in the Anambra Basin.
Source rock presence and potential
The source rock hosts the initial processes that are involved in the formation of oil and gas and contains the precursors of the kerogen-organic matter, which are broken down to form hydrocarbon, when subjected to high temperatures over a long period of time (Magoon and Dow 1994; Magoon and Beaumont 1999) . The shales of the Nkporo Group, and the shales and coals of the Mamu and Nsukka formations provide possible source rock materials for hydrocarbon generation in the Anambra Basin (Fig. 8a-e) . These shales are very thick and possess rich organic matter Nwajide and Reijers (1996) and Odunze and Obi (2013) Mamu Formation Swamp Thin layers of coal occurring with carbonaceous shales and heteroliths. Fine-grained sandstones with plant roots are common Non-reservoir. Potential source rock Adedosu et al. (2014) and Dim et al. (2018b, in press) Barrier island Upward coarsening, fine-to mediumgrained, ripple and parallel laminated sandstones. Planar cross-beds present. Moderate-to-sparse bioturbation, well-tomoderately sorted 2-7 m thick, high sand (> 90%) content.
Laterally extensive, shoe-string shaped, oriented parallel to paleo-shoreline Dim et al. (2018b, in press) Shoreface Moderate-to-highly bioturbated, finegrained sandstone. Well-to-moderately sorted. Common wave-generated hummocky cross-bedding, planar parallel and wave-ripple laminations present 5-30 m thick, 60-90% sandstone content.
Laterally extensive, up to 200 m, oriented approximately parallel to paleo-shoreline Odumodu (2014) and Dim et al. (2018b, in press) Offshore transition to offshore Thin, hummocky cross-stratified sandstones associated with interstratified wavy-to lenticular-bedded mudstones. Mudstones are grey to dark grey, fissile moderate-tointense bioturbation Minor reservoir. Sand percentage is moderate, but variable (30-60%). Potential source rock Onyekuru and Iwuagwu (2010) and Dim et al. (2018b, in press) Ajali Formation
Tidal sandwave Fine-to-medium grained, bioturbated sandstones capped by thin mud layers. Large-scale planar cross-bed sets with graded foresets, and occasional herringbone cross beds Sheet-like sand body elongate parallel to paleo-shoreline Ladipo (1986 Ladipo ( , 1988 Fluvio-tidal channel Fine-to coarse-grained sandstones, with smaller scale mud-draped trough cross beds and ripple laminations. Occasional gravel lags at the base of channels
Oriented approximately perpendicular to major sandwave bedforms, i.e. perpendicular to paleo-shoreline Ladipo (1986 Ladipo ( , 1988 Tidal shelf Grey, bioturbated shales, with some leaf impressions. Less well developed relative to other facies Non-reservoir Ladipo (1986 Ladipo ( , 1988 content ( Fig. 8a, b; Agagu 1978) . Organic geochemical and petrologic studies indicate that coal beds constitute major potential source rocks in the Anambra Basin (Obaje et al. 2004) . Total organic content and rock-eval pyrolysis studies have placed shales of the Enugu Formation among the petroleum source rocks of the Anambra Basin (Obaje et al. 2004; Ehinola et al. 2005; Ojo et al. 2009 ). In the Anambra Basin, the coal beds in the Mamu Formation (Campanian-Maastrichtian) are dominated by huminites with fewer amounts of liptinites and inertinites, have total organic carbon (TOC) contents of as much as 60.8 wt%, mean hydrogen index (HI) of 364 mg HC/g TOC, vitrinite reflectance (Ro) of 0.44-0.56%, and T max of 430-433 °C. Biomarker data indicate a dominance of high molecular-weight n-alkanes, very high pristane/phytane ratios, pronounced odd-overeven predominance (OEP), a preponderance of C29 regular steranes, and relatively high contents of C28 (Obaje et al. 2004) . Source rock data plots by Obaje et al. (2004) on the modified Van Krevelen diagram alongside biomarker and maceral data indicate fair-to-good source rock qualities. The vitrinite reflectance and T max values showed that the coals are immature to marginally mature and have both oil and gas generative potentials (Ekweozor 1982; Akande et al. 2012) . Previous studies have concluded that in deeper well sections away from the margins of the basin, the shales of the Nkporo Group and Mamu Formation are sub-mature to mature (Ekweozor and Gormly 1983; Obaje et al. 1999; Akaegbobi et al. 2000; Mode 2002 ).
Reservoir presence and potential
These are elements of petroleum system, which can accumulate hydrocarbons (oil or gas). Reservoir rocks are characterized by good porosity and permeability to accumulate and drain fluids. The sandstones, siltstones and the heterolithic intervals of the Enugu, Mamu, Ajali and Nsukka formations constitute potential reservoir packages ( Fig. 9a-g ). The thick Ajali Formation, which consists predominantly of fluviotidal sandstones, could represent the best potential reservoirs. These sandstones have fine-to-medium, sub-angular to rounded grains, and are moderately well-sorted quartz arenites, with high interparticle porosity (> 21%) and permeability values measured from surface outcrops, ranging from 7 to 55 darcy (Tijani and Nton 2009; Onyekuru et al. 2015) . These sandstones have also been affected by bioturbation which could enhance or damage reservoir quality (e.g. Jackson et al. 2013 ; Fig. 9d, h ). Also, thin interstratified clay bands (lamina) that are laterally extensive could act as fluid barriers leading to reservoir compartmentalization ( Fig. 9f-h ). Diagenetic alteration processes in sandstones of the Ajali Formation include moderate mechanical and chemical compaction evidenced by the dominance of point and line contacts and relative absence of mineral overgrowths, Note the main reservoir facies and associated geometry Non-reservoir Umeji and Nwajide (2007) and Mode and Odumodu (2015) Shoreface Fine-to-medium grained, wave ripplelaminated sandstone with mm-scale mud drapes. Trough cross-bedding and parallel laminations occur towards the top of the section. Moderately bioturbated 4-to 7-m-thick stacked units, with moderate sand content (50-80%). Elongate geometry parallel to paleo-shoreline Mode (2004) and Mode and Odumodu (2015) Offshore Nodular, black shales and interbedded heterolithic unit of shale, siltstone, and bioturbated sandstone Non-reservoir. Potential seal rock Mode (2004) and Mode and Odumodu (2015) and kaolinite clay authigenesis, which suggests an early mesogenetic stage of diagenesis (Onyekuru et al. 2015) . Sandstones of the Mamu Formation are also widespread and are important potential reservoirs (Table 1) . They are moderately to well sorted, fine-to-medium grained, quartz arenites and feldspathic arenites (Mode et al. 2016) . Diagenetic changes are mainly moderate-to-intense mechanical and chemical compaction (dominant suture contact between grains and quartz overgrowth), cementation (quartz and feldspar overgrowth), and the replacement of abundant feldspars to clay minerals, which have overall caused a mild reduction in the reservoir quality of the sandstones (Mode et al. 2016) . A statistical analysis of the Enugu Formation, Mamu Formation, and the Ajali Formation in some parts of the basin, show that the porosities of possible reservoirs within these formations appear to have been destroyed by excessive cementation (Obaje et al. 1999; Onuoha 2005) . Sequence stratigraphic correlation using subsurface wellbore data indicates that these reservoir package are laterally continuous except where structurally distorted .
Seal presence and effectiveness
Potential seal rocks in the Anambra Basin are mainly intraformational shales of the Mamu Formation, and quite extensive, regional shales of the Nsukka Formation. Few studies have investigated the sealing effectiveness of these shales. The study by Okogbue and Ugwoke (2012) , based on the geotechnical indices of potential sealing layers, suggests that the shales of the Nsukka Formation have a relatively higher plasticity and toughness index than those of the Mamu Formation. This property predisposes the shales of the Nsukka Formation to deform in a ductile manner, which is a key attribute of good seal rocks (Downey 1994) . Shales of the Mamu and Enugu Formations may deform in a brittle manner with associated joints and faults, when subjected to shear stress (Okogbue and Ugwoke 2012) .
Entrapment mechanisms
Traps are structural or stratigraphic features that ensure that accumulated hydrocarbon are held in a fixed and firm position of seal and reservoir to avoid the escape of oil and gas to the surface. Outcrop exposures in the Anambra Basin have revealed the presence of fault (growth fault), which are similar to those found in available interpreted 2D seismic data of Anambra Basin and 3D subsurface seismic data of Niger Delta Basin (Figs. 4a, 7e, f, 10a, b; Abubakar 2004; Nwajide 2005; Dim et al. 2017 Dim et al. , 2018a . These structures are believed to have formed due to response of sediment package to syn-sedimentary deformation (Obi and Okogbue 2004; Dim et al. 2017) . These faults constitute structural traps, which together with stratigraphic traps could allow for accumulation of hydrocarbon on the both the footwalls and the hanging walls of fault structures (Fig. 10c, d ).
Implications for hydrocarbon exploration
This study has given insight to the existence of key petroleum system elements and hydrocarbon occurrence through detailed photo-documentation of exposed rock units and oil seeps in the Owelli Sandstone (a lateral equivalent of the Enugu Formation) outcropping at the foot of Enugu Cuesta near Ugwueme village ( Fig. 9i ; Nwajide 2006 Nwajide , 2013 .
Outcrop studies indicate that these formations within the Anambra Basin consist of variable thicknesses of sediment packages. In addition, basin-wide correlation carried using well data reveals that the oldest formation (the Nkporo Formation) consists of a 300-to 600-m-thick sediment package while the overlying Mamu Formation consists of 600-to 1200-thick sediments that are in turn overlain by 400-to 600-thick sediment units of the Ajali Sandstone. Sediments of the overlying Nsukka Formation are 20-50 m thick . These sediments (sandstones and shales) constitute the reservoir; source and seal rock packages in the basin. Processes such as migration and accumulation could have been made possible by the presence of fractures occurring in the form of faults and anastomosing joints within the shales and sandstone units of Enugu Formation and Mamu Formation. Also, columnar joints present in coal beds of Mamu Formation could a provide pathways for petroleum migration (Fig. 8c-e) . The shales of the Enugu and Mamu formations could offer excellent intraformational seal above the associated sandstones, as well as enhancing clay smearing within faults, while the shales of the Nsukka Formation are most extensive and represent regional seals (Tuttle et al. 1999; Dim et al. 2017) . The Anambra Basin has the best potential within the Nigerian inland basins as it contain all the elements necessary for an active petroleum system: the marine shales of Nkporo Group and the Mamu Formation coals constitute good gas and oil source rocks; the clean sandstones of Ajali Formation and sandstones in the Mamu Formation form good reservoirs; and shales in the Nsukka Formations provide a regional seal (Obaje et al. 2004; Akande et al. 2007; Dim et al. 2017) .
Conclusions
This study has shown the evidence of key petroleum system elements such as source, reservoir, traps and seals on outcropping lithostratigraphic units of the Anambra Basin. These exposures could help in extending our understanding of rock behavior and characteristics of the various formations in the subsurface. In addition, they can act as guide for hydrocarbon exploration and in locating the most likely accumulations of petroleum in the Anambra Basin. The shales of Nkporo Group and the coals of Mamu and Nsukka formations could serve as good source rocks, whereas the sandstone and siltstone of the Mamu, Ajali and Nsukka formations could serve as potential reservoir rocks. The shales of the Nsukka Formation could serve as regional seals. The juxtaposed fault blocks due to structural deformation could serve as entrapment mechanism, whereas the joints in shales could provide possible migration pathways for hydrocarbons. In summary, detailed outcrop studies in the Anambra Basin have enabled understanding petroleum system elements that could be utilized in hydrocarbon exploration and also provided information for further researches in the southeastern part of the Anambra Basin of Nigeria.
